Design Studies of Coherent Prebunching and Emittance Reduction for the MaRIE XFEL
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FEL performance with Asymmetric Emittances S0
There are currently several schemes being studied to 45 :
reduce the normalized emittance of the electron beam 40 EL 2
after i1t has been accelerated to large energies, in order to S 5] RE 4
reduce the gain length in the FEL. Some of these Sl ) E ................ "
schemes will result in asymmetric emittances where one g W T | — 16
transverse emittance 1s much larger than the other [1]. % o T T
We have done GENESIS [2] simulations of electron =0 ..
beams with asymmetric emittances, and seen that (1) the “
optimal focusing does not deviate far from symmetric or
focusing 1n the 2 planes, and (2) the saturation power o
does not decay as fast as one would expect from simply 2 015 o2 o025 o3 035 04 o045
adding the induced energy spreads in quadrature. We Quadrature emittance [wm
have also developed a modified version of the Ming Xie
[3] parameterization for estimating performance with Ming Xie parameterization, with Ay/y = 1.5x10%,
asymmetric emittance, which agrees reasonably well with AWO = 1.47, undulator period = 2.4 cm. We kept the
simulation. product of the emittances, €,*€¢,=(0.15 m)* The x-
axis is the sum of the emittances in quadrature.
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These results are from GENESIS simulations with Ay/y = 1.5x104, AWO0 = 1.47, undulator period = 2.4 cm. We
kept the product of the emittances, €,* €, =(0.15 m)*. The x-axis is the sum of the emittances in quadrature.
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Coherent Bunching Needed to Overcome SASE

 oasE The SASE equivalent bunching factor for MaRIE is ~1x10-3,
—— Bunched at 1.5E-3 corresponding to an equivalent energy of ~10 kW. Increasing the
puncnec at 1.552. bunching factor from harmonic generation schemes involve

] increasing the energy modulation, which increases the effective
energy spread in the beam. Because of this, we only want to bunch
the beam enough to overcome SASE and reduce the bandwidth by a
factor of 10-100. The output bandwidth from a seeded FEL can be

estimated as [4]:
Aw, .., Aw P
Wy b w, | Py + P

Here P, 1s the equivalent SASE power (either in the bunching or an
EM field), and P, 1s the power in the coherent seed. Thus an input
bunching factor of ~.01 should be enough to reduce the bandwidth
by 10.
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Nonlinear Debunching Effects on Harmonic Generation Schemes
The effective energy spread introduced from the emittance of the beam 1s given

by: Yo€x

J’}’ (X)z (1)

This effect will be large, comparable to p or greater for an XFEL. Harmonic
generation schemes generally involve introducing an additional energy

modulation ~2x the random energy spread in the beam, which will seriously Chicane
degrade FEL performance. We are currently exploring different options for Modulator

mitigating this effect by decreasing the effective energy spread from emittance.

Eqn. (1) shows us that this energy spread can be decreased by either increasing Beamat1/.5

the transverse size of the beam, or having harmonic generation located at lower GeV, X=21 um,
electrqn energies than the final un.dulator, and attempting to preserve the electron bunched at 1 A
bunching through accelerator sections.

Both of these possibilities have limitations: making the transverse size large will
reduce the current density, and hence increase the gain length, while staging
HGHG at low energies 1s limited because the linear R, effect from the
accelerator sections soon becomes too large and causes overbunching.

Chicane at 20 GeV, Xf=10 um

SW Beam at 20
DW GeV, X=10 um

Unaulator

coherence of the MaRIE XFEL. Because the

The bunching factor from standard HGHG 1is [7]:

1, dey’ do
b, = 2exp —5 N0y (E) In (n&ya)

Here o, 1s the intrinsic energy spread of the beam, n
1S the harmonic number,g 1S the

dispersion from the chicane, and Ay 1s the
modulation energy. If we include nonlinear effects
and debunching 1n an accelerator section the
bunching factor becomes:

1
bn = ZEXp {2?12 [Gﬂ},z

. 2
560y, Yo€? ‘(de) ( dﬂ)
' (defd}f T oay) \ay) " ay
Here 66y, 1s the nonlinear debunching in the
accelerator section. The two nonlinear terms are

added directly because they come from the same
source.

(below) Because it 1s impossible to
squeeze beam down to 10 um without
significant nonlinear debunching, we
are considering squeezing beam in
undulator, where radiation from
bunches will conserve signal

I= 3000.0mA BEAM AT NEL2= 16

Ll 20000.0000 Mev H A= 0.78178 B= 13.848

FREQ=1200.00MHz WL= 249.83mm vV A= -1.0562 B= 15.412

EMITI=  0.000 0.000 10.00

EMITO=  0.000 0.000 10.00
N1= 1 N2= 16

PRINTOUT VALUES
PP PE VALUE

1 1 90.00000 (\ i
1 2 3648.00000 an Y
1 3 -75.00000 ! J
1 5  75.00000
1 13 55.67289
1 14 6811.24092
MATCHING TYPE = §
DESIRED VALUES (BEAMF)
alpha beta
1.0000  16.0000 0.050 mm X 0.003 mrad

y -1.0000 16.0000
MATCH VARIABLES (NC=4)

MPP MPE VALUE Z A= 1.48333E-04| B= 100.00
1 13 55.67289

1 14 6811.24092
1 15 98.58797
1 16 102.70671

CODE: Trace 3-D v69ly
FILE: Quinn3.t3d
DATE: 03/18/2011
TIME: 17:22:31

0.200 Deg X 360.00 kev
NP2=_ 16

<107 0.05 . ! ! !
2.2 O PO PR UUURPRORE SURSPURROTSY SSUSRRRRON SPROONY SR il
0.045 _ : — 3D bunching
004b ......................... ........... —1 D bunching ...... _
2 (left) Beam size vs. | : :
8 g distance, optimized S
e to reduce nonlinear &
o g debunching. Beam =
£ starts at 17.5 GeV a
514 and is accelerated to
20 GeV.
1.2
1 | | | | DD Cl.ll_']2 D.IIJ4 D.liJB D.li_'JB 0.1
0 10 20 30 40 50 Chicane Strength, da/dy
Distance, meters
Bunching factor from HGHG, with
Nonlinear Debunching in Accelerator Sections (above): modulator chicane right before
If the electron beam is accelerated after a harmonic generation ugdulator, and (below) m-c 50 m before,
section, the beam will debunch from nonlinear effects from the with beam at 17.5 GeV
emittance of the beam. The RMS value of the angular spread of the Modulation Energy: Av=9, Chicane at 17.5 GeV, Xf=10 um
beam is given by: 02 g ! '
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For constant acceleration, the minimized debunching along the 008k ]
accelerator will happen when the beam size follows a path given by: 0.4 HU SN D S |
rr _ETEL
~ (ro +v'9)2X3 | | | | |
.. .. : : . 0 i | i i
The optimized beam size 1s calculated numerically, which determines 0 0.02 i Strengthﬂa%?d 0.08 0.1
the minimum debunching from an accelerator section. o w1
el E
S
GENESIS simulations indicate that the SASE o.050m x| 0.008 pead
SASE bandwidth of the MaRIE XFEL will be
— Bunched at 1 5E-3 3.6x104, for an electron beam with 0.3 pm
Bunchedatt5€2 { emittance and an energy spread of 5.0x10.
—— Bunched at 1.12E- ﬂ ] This is about 30% greater than 1D theory [5].
8x10" - ﬂ ] It is likely that wakefields will produce a e
L) ﬁ \ ﬁ | bandwidth that 1s much larger than this. We
510" B ﬁ ) are also 1nvestigating the transverse
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fundamental emittance criteria for an FEL,
e <M4 1s violated, our FEL will not be fully
"' transversely coherent [6]. Physically, this
comes about because emittance limits how
small we can squeeze the beam down. This

/ U / w} in turn leads to very large Rayleigh lengths
o Y WV

015 0.0 008 0130 (50 m for the TEM,), mo@e). Thu§ the higher
s [um] order transverse modes will not diffract away
fast enough.
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